A two-dimensional applied-field magnetoplasmadynamic thruster (2D AF-MPDT) has been developed. A strong crossed magnetic field of more than 1 T can be applied to the 2D AF-MPDT. A thrust measurement system was newly developed. Successful operation with several applied magnetic field strengths from 0 T to 1 T was achieved and acceptable thrust efficiency was obtained. The discharge voltage increased when the magnetic field was applied. The thrust efficiency improves with increasing magnetic field. An operation limit such as a voltage hash was not observed. In this paper, the results indicate that the thrust efficiency of the 2D AF-MPDT can be improved with a strong applied crossed magnetic field. 
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Introduction
In the near future, both higher thrust and higher specific impulse are necessary for large scale, interplanetary or orbital transfer missions. The high-power electric propulsion devices can achieve these missions. A Magnetoplasmadynamic thruster (MPDT) is one of the well known electric propulsion device. MPDT is a very promising candidate for high-power electric propulsion 2, 3) . The advantage of MPDTs is their very high thrust-to-weight ratio compared with other electric propulsion devices such as the ion engines or Hall thrusters. In addition, the thrust efficiency of MPDTs is improved with increasing the input power.
Typical MPDTs are shown in Fig. 1 . Self-field MPDTs that have been studied by some researchers [3] [4] [5] need several hundreds of kW for obtaining acceptable efficiency. However, in the near future, it is difficult to obtain hundreds of kW on a space craft. On the other hand, applied-field MPDTs (AF-MPDTs) are able to achieve acceptable efficiency with tens of kW. Hence, the AF-MPDT is a better candidate for practical use in the near future. Coaxial AF-MPDTs have been studied by some researchers [6] [7] [8] [9] . However, it is difficult to optimize the distribution of the magnetic field because the thrust production mechanism of coaxial AF-MPDTs is very complex due to the j B Lorentz force which is not parallel to the thrust force. In the case of two-dimensional AF-MPDTs (2D AF-MPDTs), which is a so-called Crossed-Field Accelerator 10, 11) , it is easy to analyze the optimal magnetic field because the direction of j B is parallel to the thrust axis. An experiment was setup to evaluate the thrust performance of the 2D In the previous study, the thrust of the coaxial MPDT was measured by the parallel-pendulum method 5, 12) . However, it is not possible for the 2D AF-MPDT to measure the correct thrust because of the magnetic interaction between the coils and the chamber walls. In this study, for avoiding the magnetic interaction, the target method is adopted. In this paper results are presented of measured thrust and evaluated thrust performance of the 2D AF-MPDT by the target method.
Experimental Setup
The schematic of the experimental setup is shown in Fig. 2 . The circuit schematic of the experimental setup is shown in Fig. 3. 
Thruster head
The 2D AF-MPDT has 3 pairs of electrodes, the 3 anodes are made of copper and the 3 cathodes are made of tungsten. 
Applied magnetic field
The 2D AF-MPDT has two coils to apply an external magnetic field. The coils consist of 9 turns of 4-mm-diameter copper wires. The inner diameter of the coils is 80 mm. The distance between these two coils is 48 mm. These coils are able to form a relatively-uniform magnetic field in the discharge chamber of 1 T with a coil current of 5 kA. The distribution of the magnetic field along the thruster width on the central axis of the coils in the discharge chamber is shown in Fig. 5 .
The magnetic field cannot be measured directly during the operation. Before the operation, the relationship between the coil current and the applied magnetic field was measured by a hall element. From this measurement, it was obtained that the applied magnetic field is linear to the coil current. The relationship between the coil current and the applied magnetic field is shown in Fig. 6 .
Power supply system
The discharge current and the coil current are supplied by a 5-ladder 0.2 mF L-C pulse forming network (PFN). The energy storage capability of the PFN is 25 kJ. It can produce rectangular current pulses lasting 0.5 ms and current levels up to 22 kA. The current supplied from the PFN is divided into the discharge current and coil current through the parallel resistance divider. The dividing method is shown in Fig. 3. 
Vacuum system
The 2D AF-MPDT is operated in a steel vacuum chamber Pa is maintained by an oil diffusion pump with a pumping capability of 3,700 l/s, which is boosted by a mechanical booster pump and an oil rotary pump with a pumping capability of 25,000 l/s, and 7,500 l/s, respectively. The pressure of the vacuum chamber is measured by an ionization vacuum gauge at pressures below 10 -1 Pa. Above this pressure a Pirani gauge is used.
Propellant feed
Propellant is injected through a fast acting valve (FAV). The FAV provides propellant gas to the 2D AF-MPDT from the reservoir tank with a short duration of 5 ms. The mass flow rate was obtained by the measured decrease of the reservoir pressure. The results of the calibration of argon gas are shown in Fig. 7. 
Voltage and current measurement
In MPDT's operation, the discharge voltage and the discharge current measurement system has no effect on the discharge of the 2D AF-MPDT. A photocoupler is used for the measurement of the discharge voltage. A Rogowski coil is used for the measurement of the total current and the coil current. An air-cored toroidal coil is used for the measurement of the discharge current of each discharge channel. The location of these measurements is shown in Fig. 3. 
Thrust measurement system
In the previous study a parallel-pendulum method, whict consists of a pendulum thrust stand and a laser displacement sensor, was used for the thrust measurement 5, 12) . The thruster head is placed on the thrust stand and the amplitude of the oscillating stand is detected by a laser displacement sensor. However, it was difficult to measure the thrust of the 2D AF-MPDT, because of the magnetic interaction between the coils and the vacuum chamber. The degree and the strength of the magnetic interaction were different for every operation. For this reason, a target measurement system was adopted. The configuration of the target measurement system is shown in Fig. 8 . The target is made of paper and Mylar sheet. The size of the target is 80 mm 10 mm 80 mm (width × height × length). The target is suspended from the vacuum chamber ceiling by two fluorocarbon wires. The amplitude of the oscillating target is detected by an LED displacement sensor.
A typical waveform of the target is shown in Fig. 9 . In this figure, the amplitude of the oscillation is 1.5 V, this corresponds to 1. 3 10 -3 Ns. This impulse includes the cold gas impulse and the plasma impulse. For evaluating the net plasma impulse, the cold gas impulse was measured separately. The cold gas impulse is 4.6 10 -4 Ns for m =0.2 g/s. Hence, the net plasma impulse is 8. 2 10 -4 Ns. Because, a PFN supplies the current for 0.5 ms, the thrust equals to 1.6 N. The error is within 10 %.
Results

Discharge characteristics
An appearance of the discharge on 2D AF-MPDT is shown in Fig. 10 . The waveforms are shown in Fig. 11 . On this operation, argon gas was used as propellant, the mass flow rate is fixed to 0. relationship between applied magnetic field and discharge voltage is shown in Fig. 12 . From this figure, the discharge voltage increases with increasing applied magnetic field.
Thrust and thrust efficiency
The relationship between thrust and applied magnetic field is shown in Fig. 13 . In this figure, thrust increases with applied magnetic field. The consumed energy per electrode was calculated by Eq.(1)
In Eq. (1) the subscript i=1, 2, 3 indicates the channel of the electrode and t 1 =0.1 ms, t 2 =0.6 ms because the current supplied by the PFN is lasting 0.5 ms. The input power of the electrode is calculated by Eq. (2) .
The estimation of the input power does not include the energy dissipated in the coil because that energy depends on the coil design. The thrust efficiency is evaluated by Eq.(3).
= F 2 2m P
The relationship between the applied magnetic field and is shown in Fig. 14 . The thrust efficiency is improved by the applied magnetic field. Under these operations, no operational limit such as a voltage hash was observed.
Discussion
For a self-field MPDT there is critical current given by J 2 m 13) . Once the discharge current surpasses the critical current value, voltage hash and anode erosion is observed. On the other hand, in the case of applied-field MPDT, there is no study about such a critical current value. If the same principle can be adapted for the applied-field MPDT, the critical current is given by J×B m . Tikhonov et al. reported the critical current value of a coaxial applied-field MPDT decreases with the applied-field 14) . In this article, the critical current value is about 3 kA. The 2D AF-MPDT is operated under a strong magnetic field and under a low current less than 300 A. There is no study about the critical current under strong magnetic field and low current. In this study, any operational onset such as voltage hash and anode erosion was not observed. Hence, there are no known operational limits under these conditions.
Summary and Conclusions
In this study, several operations under different applied magnetic field strengths are reported. Using argon gas as propellant, the mass flow rate is fixed to 0.2 g/s. Although the maximum applied magnetic field is over 1 T, the operational limit such as voltage hash or anode erosion is not observed. From Fig.11 , the discharge voltage increase with increasing applied field. This phenomenon is caused by increasing the back electromotive force. Hence, the exhaust velocity increased and the thrust increased.
There is a possibility to improve the thrust efficiency by applying a strong crossed magnetic field.
